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(n,n’γ) transitions Induced by
D(d,n)He neutrons

Preliminary results

Yair Ben-Dov



NSD mCube        June 4, 2007 2

Outline

• The AFRD n-generator
• Previous studies
• Current setup & goals
• MCNP simulations
• Cross sections measurements
• LLD’s
• What’s next
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The AFRD neutron generator

n-Generator

PA shield

•RF induction discharge generates deuterium plasma

•~100 kV potential difference accelerates D ions towards the D target

•Co-axial target design to maximize target area and n flux
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Operation specifications

• D gas pressure: 5-6 mTorr
• RF power: 1200 Watt, 13.56 MHz
• HV: 80-100 kV
• D Ion current: 60 mA
• Neutron yield: 109 n/s
• Long durable operation (with some

limitations)

D targets

Implanted on Ti
coated Al plates

Irradiation point
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Previous publications

NSD 2003

AccApp  2003
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NSD 2004
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Previous publications

NIM A522 2004
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113In111Cd

109Ag107Ag

89Y87Sr

79Br77Se
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Motivation and goals

• Need for accurate experimental cross sections at 2.5 MeV for :
– DD generator applications such as:

• Neutron generator calibration
• Nuclear reactor calculations
• Industrial / Medical (n-interrogation, BNCT)
• Homeland security (nonproliferation, contraband)
• Neutron Activation Analysis (prompt, delayed)

– Comparison to evaluated data bases
• Determine quantitative capabilities of the LBNL n-generators
• Determine (n,n’γ) cross sections at En ≈ 2.5 MeV
• Determine current setup LLD’s for the elements investigated
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Current setup: The Rabbit system
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Current setup: Detection stand

detector: 25% coaxial HPGe

Electronics: DSPEC by Ortec

Acquisition: Gamma Vision by Ortec

OS: windows 2000
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MCNP simulation : geometry
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MCNP simulation : neutron spectrum
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MCNP simulation : neutron spectrum

51% 16% 33%
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Weighted average neutron energy

MeVE
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The Samples studied

0.8620.030.012.2ZnOZn
4.4725.025x2150.9metalY
8.5642.030.0254.1WCW
1.3947.030.046.2V2O5V
6.2414.022.030.5TeTe
4.7014.030.015.9SeSe

17.241.010.01.4metalIn
13.5550.030.0498.8HgHg
27.1613.05.06.9metalHf
4.2110.030.029.8CdF2Cd
1.8930.030.040.0KBrBr
1.3045.030.041.2BaCO3Ba
1.2445.030.039.4Al2O3Al
3.3522.030.052.0AgNO3Ag

Density [g/cc]Height [cm]Diam.[cm]W[gr]comp.Element
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Data taking

• Background optimization (~3 cps  @ 50-3000 keV)
• Detection efficiency calibrated with a 152Eu source (0.12 – 1.4 MeV)
• 115In(n,n’γ)115In (4.3h) data used to estimate fast n flux
• 115In(n,γ)116In (54.2m) data used to estimate thermal n flux
• Irradiate samples for 4-8 T½’s   (n-generator limitations)
• Accumulate γ spectra  for ~ 6-10 T½’s, saving data every ~½-¼ T½
• Irradiate with and without Cadmium cover
• Repeat the above 2 steps if necessary
• Record irradiation/accumulation times
• Record mR/h meter reading continuously for n-yield monitoring

(verified by frequent Indium irradiation measurements)

• 22
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Data analysis

• Identify all γ line (energies, isotopes and transitions).
• Evaluate net peak area and apply corrections for:

– Isotope Abundance
– γ  Branching
– γ  Detection efficiency
– γ self absorption
– n-yield (mR meter)

• Verify identification by T½  determination
• Evaluate  Asat= Φnσ  for the given irradiation and accumulation times.
• Evaluate cross section on the basis of known n and Φ (from In).
• Compare to data bases (ENDF, JENDL) and exp. data
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Full energy peak efficiency (± 10-15%)

(152Eu calibration)
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Self absorption Correction

Point source geometry: 5.84e-04  Mev/cm2/sec

‘net’ self Abs factor                :  0.87
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0.58909Y

0.71456Te

0.21151Te

0.38162Se

0.68336In

0.023158.4Hg

0.61443Hf

0.48333Hf

0.248215Hf

0.246214Hf

0.5245.4Cd

0.28150.8Cd

0.75207Br

0.87661.7Ba

0.74657.8Ag

0.73632.9Ag

0.1393Ag

SelfAbsγ energyElement

Self absorption Correction
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115In(n,n’γ)   σ= 344 mb

Indium measurement

115In(n,γ)   σ=162 b



NSD mCube        June 4, 2007 24

Indium measurement

115In(n,n’γ)115In 334 keV 115In(n,γ)116In 417 keV
115In(n,γ)116In 1293 keV

22008000417/1293 (th)

8000066000334 (f)

With Cdno Cd

Flux [Cm-2Sec-1] ±10%Eγ [keV]

1000

100

1
0

Eγ[keV]

lt=50000 sec
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Identification conflicts (1)
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Identification conflicts (2)
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Combined (n,n’γ)+(n,γ) transition
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No Cd:

With Cd:

... Pure transitions exist
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0.0180.018374Hg198

0.0180.018158Hg198

0.4450.300.75443Hf179

0.4450.300.75332Hf179

53.015.0045.0214Hf178

0.010.800.93662Ba136

162161.01293In115

162161.0417In115

0.140.50.7245Cd110

0.140.50.7150Cd110

861382658Ag109

37.65.034.0633Ag107

2.41.28.4776Br81

2.41.38.6554Br81

10.35.133.6666Br79

2215.055.0162Se76

4.92.07.91434V51

0.230.100.461779Al27

barnsbarnskeV

ENDF/B-VIIσ                 δσEγA

(n,γ) transitions

Pure

combined
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0.00550.0010.004374Hg199

0.00550.0010.004158Hg199

0.0020.0030.030.03443Hf180

0.0020.0030.030.03332Hf180

0.630.650.701.30214Hf179

0.40.750.100.40662Ba137

0.340.340.34336.2In115

0.240.20.100.30245Cd111

0.240.20.060.40150Cd111

0.90.80.20.993Ag107

0.370.40.020.10909Y89

0.280.40.040.20207Br79

1.31.31.002.50162Se77

barnsbarnsbarnskeV

Nagoya
2004ENDF/B-VIIδσσEγA

(n,n’γ) transitions

Pure

combined
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LLD  evaluation
activation and accumulation for 3 half lives
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►   Background rate was evaluated for each γ line separately
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Indium target  /  background spectra

Acc times:

In: 50K sec

BG: 20K sec
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Lowest Level of Detection

n,n'130Hg199
n,n'4Hf179
n,n'235Ba137
n,n'1In115
n,n'125Cd111
n,n'40Ag107
n,n'42Y89
n,n'16Br79
n,n'6Se77
n,g5V51
n,g2Al27

ReactionLLD[mg]A
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Estimated detection limits for INAA using decay gamma rays
(irradiation in a reactor neutron flux of 1x1013 n/cm-2s-1)

Pb, S10000

F, Fe, Nb, Ne100 - 1000

Bi, Ca, K, Mg, P, Pt, Si, Sn, Ti, Tl, Xe, Y10 – 100

Al, Ba, Cd, Ce, Cr, Hg, Kr, Gd, Ge, Mo, Na, Nd, Ni, Os, Pd,
Rb, Rh, Ru, Sr, Te, Zn, Zr1 – 10

Ag, Ar, As, Br, Cl, Co, Cs, Cu, Er, Ga, Hf, I, La, Sb, Sc, Se,
Ta, Tb, Th, Tm, U, V, Yb0.1 – 1

Au, Ho, Ir, Re, Sm, W0.010 – 0.1

In, Lu, Mn1e-3 – 0.01

Dy, Eu1e-3

ElementsSensitivity (mg)
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What’s next
• n-generator

– ‘real’ online flux monitor (FC, α det.)
– Irradiation setup at flux maximum
– Optimal ‘fast beam’ setups
– Optimal thermal flux position

• Detection stand
– Anti-Compton active shield
– Dedicated passive shielding

• Samples
– Stoichiometrically favorable samples
– Various enrichments
– Common ‘friendly’ geometry



NSD mCube        June 4, 2007 36

Summary
• Durable and friendly setup (most of the time)
• 13 (n,n’) and 18 (n,γ) cross sections were

evaluated for ~2.5 MeV neutrons
• Current Setup capabilities:

– cross sections in the tens mb region
– half lives as low as 5 seconds
– LLD’s in the few mg range

• Performance may be largly improved


